In order to evaluate the extent of human exposure to mercury in the Amazon, in particular, in the Tapajos River basin, which is a site of extensive alluvial gold mining, we analyzed samples of human hair, blood and urine, as well as fish, collected from different areas for total levels of mercury and methylmercury. In fishing villages, the inhabitants were found to have accumulated mercury, mostly in the form of methylmercury, at abnormally high levels as the apparent result of consumption of local fish, with very little confounding exposure to inorganic mercury, including mercury vapor in the air. The people living near the main gold-mining areas had accumulated higher levels of methylmercury than people living far downstream from the gold-mining sites. Quite high levels of methylmercury were found in samples of hair from inhabitants of the fishing villages.
INTRODUCTION
Gold mining using mercury amalgamation has markedly increased in many developing countries during recent years. In the Brazilian Amazon, it has been estimated that more than 650000 gold miners are currently working at more than 2000 mining sites. [1] [2] [3] Huge amounts of metallic inorganic mercury (Hg 0 ) have been used for the recovery of fine gold deposits from gravel by amalgamation and have been released into the environment in this region since the early 1980's. 4, 5) The metallic mercury released into the river system may be reduced to Hg 2+ . Some of the environmental Hg 2+ has been shown to be methylated and converted to methylmercury (CH 3 Hg + ) by various mechanisms. 6, 7) Methylmercury is known to accumulate in the aquatic food chain, reaching the highest concentrations in predatory fish. 8) Therefore, today, evaluation of the exposure of people who live along gold-mining rivers to methylmercury through the consumption of local fish is a major concern.
Accumulation of Methylmercury in Fish and Human Hair
In the Amazon, extensive gold mining has been carried out along several tributaries of the Tapajos River, mainly in Teles Pires, Tropas, Creperi, Rato, Jamaxim and the main channel of the Tapajos River itself. In order to estimate the exposure of local populations to methylmercury, we collected samples of human hair and blood from the inhabitants of various fishing villages located at different distances from the main gold-mining areas, as shown in Fig. 1 . In addition, samples of human hair, blood and urine were collected from gold miners and workers in gold shops in the cities of Itaituba and Alta Floresta, which are the main gold-trading centers in this region. Samples of fish were obtained from the Teles Pires River, the Rato River, and the main channel of the Tapajos River near Itaituba, Brasilia Legal and Santarem. The various samples were analyzed for total mercury and methylmercury by the highly sensitive and reliable methods that were recently developed and modified in our laboratories. [9] [10] [11] The validity and reliability of these methods have been repeatedly checked by inter-and intra-laboratory comparisons. 12, 13) *To whom correspondence should be addressed: National Institute of Minamata Disease, Hama, Minamata 867-0008, Japan. Tel.: +81-966-63-3111; Fax: +81-966-68-2011; E-mail: hiroakagi 323-328 (2000) It is generally recognized that the general population is primarily exposed to methylmercury through consumption of fish, and that analysis of head hair is the most appropriate method for monitoring the intake of methylmercury in persons at risk. 13, 14) The concentrations of total mercury and methylmercury detected in samples of hair from gold miners, gold-shop workers and the inhabitants of various fishing villages are summarized in Table 1 . Total mercury concentrations of up to 113.1 ppm were found in the samples of hair from gold miners and gold-shop workers. However, the concentrations of methylmercury were extremely low and the average levels of methylmercury relative to that of total mercury were only 5.4-13.6% in the various groups. These observations suggested a large contribution by inorganic mercury attached to the outside of these hair samples since it is known that little bodily inorganic mercury is accumulated in head hair. From these results, it is apparent that measurements only of total mercury in hair samples are not sufficient for evaluation of the human exposure to methylmercury in those areas, such as gold-mining areas, that are continuously being contaminated with inorganic mercury. However, the concentrations of total mercury and methylmercury in samples of hair from people living in fishing villages revealed abnormally high total mercury levels, which ranged from 10.2 to 35.9 ppm on average, with large variations. At the village of Ponta de Pedras, which is far downstream on the Tapajos River, we detected relatively low levels of mercury in hair, but higher levels were detected in hair from people who lived in the other fishing villages, indicating greater exposure to mercury in the upstream region of the Tapajos River. The highest level of total mercury, 151.2 ppm, was found in hair from people who lived in Brasilia Legal, which is located about 100 km downstream from Itaituba, the main gold-trading center in the Tapajos River basin. It should be noted that levels of methylmercury in human hair were very close to the levels of total mercury in almost all samples collected from the inhabitants of fishing villages, as shown in Table 1 . Moreover, the levels of methylmercury in samples from males were significantly higher than those from females in all villages. The high levels of methylmercury in the hair from the inhabitants of the village of Tres Bocas village was noteworthy. These high levels might have been due to the elevated levels of methylmercury in fish in the lake that resulted from the longer retention time of methylmercury in the lake, as compared with river systems.
The results of analysis of levels of total mercury and methylmercury in fish from the Tapajos River are presented in Table 2 . Total mercury levels in fish ranged from 0.08 to 3.82 ppm. Most of the fish sampled from the upper part of the river had relatively high levels of mercury that exceeded the Brazilian permitted limit of 0.5 ppm. Extremely high levels of mercury were detected in fish from the Teles Pires River near the city of Alta Floresta, in the far upstream region of the Tapajos River system, where gold-mining activities had increased until 1994. However, in far downstream regions of the Tapajos River, near Santarem, levels were lower, even in carnivorous fish. The predominant form of mercury in all fish analyzed was methylmercury, suggesting widespread and high-level environmental contamination by methylmercury in this region. It seems, from these results, that regional differences in levels of methylmercury in fish are reflected in the exposure to methylmercury of people living in these regions.
The longitudinal analysis of mercury along a strand of hair provides information about the timing of the exposure of individuals to methylmercury. 15) Hair grows at a rate of about one cm per month. Thus, it is possible to monitor exposure to methylmercury over a period of several months or years, depending on the length of a hair sample. We obtained a number of samples of long hair from women who lived in Tres Bocas and analyzed segments for total mercury after cutting the hair into short pieces (Fig. 2) . In the Amazon, the dry season extends from June to November and the rainy season extends from December to May. The results in Fig. 2 indicate that the various women had been exposed to methylmercury continuously at fairly constant levels over at least the past few years at all locations, with some seasonal variations. In particular, we noted a trend towards increases in the levels of methylmercury in hair samples with time.
Concentrations of Methylmercury in Human Blood and the Correlation with Levels of Mercury in Hair
Samples of hair, blood and urine were collected from individuals in Jacareacanga, a typical fishing village, and in Alta Floresta, the main gold-trading center in Mato Grosso State. Samples of human hair and blood were also collected in two other small, isolated fishing villages, Vila Sao Martins and Vila Novo Sitio, which are located about 50 and 150 km upstream of Jacareacanga, respectively. Most of the fish consumed in these three fishing villages comes from the Teles Pires River. The concentrations of total mercury and methylmercury in the samples of human hair, blood and urine are summarized in Table 3 , together with the levels of mercury in urine collected from members of the general population in Minamata, Japan, for comparison. The samples of hair and blood from inhabitants of the fishing villages contained quite high levels of mercury and, again, almost all of the mercury in these samples was in the methylated form. The amount of methylmercury was very close to 100% of the total mercury. Among 51 hair samples, seven had levels of methylmercury greater than 50 ppm, which is the minimum threshold value for methylmercury intoxication established by the World Health Organization.
16) The levels of methylmercury in hair from males were about 1.5 times higher than those in hair from females. However, the levels of mercury in the samples of blood from gold-shop workers were quite low and the level of methylmercury relative to that of total mercury was 72% on average, ranging from 20-100%. High levels of total mercury were found in urine from gold-shop workers but variations in levels were large. All of the urine samples, with one exception, contained total mercury at levels of that exceeded a level 30 ng/mg creatinine. Mild or minor adverse effects of mercury exposure are expected to occur at such levels. 17) Methylmercury was also detected in the urine samples, but the levels were extremely low. The level in urine of methylmercury relative to that of total mercury ranged from 0.04 to 1.7%, with an average value of 0.4%. This value was much lower than that in urine samples from people living in Minamata, as a result of the greater contamination of urine by inorganic mercury. These results were subjected to correlation analysis. As expected from the analysis, levels of total mercury or methylmercury in hair were strongly correlated with those in blood (correlation coefficient r = 0.937). From the regression equation, an overall average ratio of 1 : 242 was obtained for the ratio of the total mercury levels in hair to that in blood. This figure is in good agreement with the value of 250, which was established in a study of various populations exposed to methylmercury at fairly constant levels. 16) We found no apparent correlation between total mercury levels in blood and urine, but the level of inorganic mercury in urine was significantly correlated with the level of inorganic mercury in blood (correlation coefficient r = 0.720). There are several previous reports on the relationship between levels of mercury in urine and blood in populations exposed to mercury vapor, but the results vary considerably. [18] [19] [20] In the present study, we also found a slightly positive but statistically insignificant correlation between the levels of total mercury in urine and blood. These results are reasonable in view of the fact that, on average, 72% of the total mercury in the blood samples tested was in the form of methylmercury and was not associated with exposure to mercury vapor. Therefore, levels of individual species of mercury in blood should be measured if we are to characterize the relationship between levels of mercury in urine and blood in populations exposed to mercury vapor, in particular at low levels. In fact, we have found a significant positive correlation between levels of inorganic mercury in blood and urine when confounding effects of methylmercury are eliminated, a result that suggests the possibility of predicting levels of inorganic mercury accumulated in blood, as a consequence of exposure to metallic mercury, from levels of mercury in urine. The scattered distribution of the ratios of levels of mercury in the blood and urine, observed in the samples from the gold-shop workers, is not surprising given that the levels of exposure to mercury vapor vary considerably, depending on the frequency of re-burning operations in the gold shop and, moreover, that the urine samples were collected one day after the collection of blood samples.
In conclusion, in fishing villages of the Tapajos River basin, the inhabitants have been exposed to methylmercury at abnormally high levels as a result of the consumption of local fish. Confounding exposure to inorganic mercury, including mercury vapor in the air, seems to have been very limited. The people living near the main gold-mining areas have been exposed to more methylmercury than those living far downstream from the gold-mining sites. The concentrations of methylmercury in the hair of some inhabitants are above the threshold value defined for methylmercury intoxication. Therefore, immediate plans should be ready to prevent further increases in the environmental accumulation of methylmercury, which is derived from the inorganic mercury that is used in mining for gold. 
